Terahertz time-domain spectroscopy is applied to noninvasively investigate the solid-liquid phase transition of metallic gallium ͑Ga͒ microparticles over the temperature range from 21.2 to 38.2°C. Fourier and correlation analyses of the transmitted radiation reveal solid-liquid phase transformation at the melting transition temperature T m and particle conglomeration at a temperature T c Ͼ T m . © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2432299͔
With the recent emergence of terahertz time-domain spectroscopy ͑TDS͒ as a powerful tool for investigating farinfrared optical properties of materials, terahertz TDS continues to find applicability in a wide range of areas. Several investigations [1] [2] [3] [4] have utilized terahertz electric field transmission measurements to obtain the optical properties of transparent media such as dielectrics and superconductors. Alternatively, reflection-based terahertz TDS has been applied to characterize a variety of semiconductors such as InSb, 5 InAs, 6 and highly doped Si. 7, 8 Extending these techniques to perform spectroscopic investigations of highly opaque media such as metals remains a challenge. In bulk metals, their permittivity ͑͒ at a frequency is given by ͑͒ =1− p 2 / ͑i⌫ − 2 ͒, where p = ne 2 / o m e is the plasma frequency and ⌫, n, m e , e, and o are the damping frequency, the electron density, the electron mass, the electron charge, and the free-space permittivity, respectively. Since Re͓͔͑͒ ϳ −10 5 for most metals at terahertz frequencies, bulk metals are highly reflective and cannot be probed using transmission-and reflection-based terahertz TDS arrangements. A remarkable phenomenon that can be exploited to overcome the inherent metallic opacity is to alter the subwavelength scale metallic microstructure to modify its effective terahertz electromagnetic transparency. 9 It was shown in Ref. 9 that in such mesoscopic metallic media, ͑͒ becomes a function of both the intrinsic metallic properties and the extrinsic microstructure. In particular, when the heterogeneity scale is much less than or comparable to the terahertz radiation wavelength, the material can appear as an effective dielectric and exhibit significant terahertz transmission. Since the terahertz radiation transmission is mediated via coherent near-field coupling of surface particle plasmons ͑in-duced dipolar surface charge͒ on the individual particles, 9 the amplitude, the arrival delay, the phase, and the polarization of the transmitted electric field are highly sensitive to the particle's size, conductivity, and shape. This sensitivity facilitates transmission-based terahertz TDS as a broadband spectroscopic probe of metallic media.
Here, terahertz TDS is applied to study intrinsic, temperature-dependent phase transitions in a metallic particle ensemble. Phase transitions in metals are characterized by a concurrent change in their physical and electronic properties at a temperature T m . To date, metallic phase transitions are widely investigated using calorimetry techniques, such as ac calorimetry. 10, 11 A disadvantage of this method is that an invasive physical contact is required to measure heat flow through the sample. To overcome this constraint, several groups [12] [13] [14] have employed the photoacoustic effect to noninvasively probe metallic phase transformations. In such experiments, phase transition modulates the acoustic signal generated at the surface of a sample when a surrounding ambient gas has been heated by a periodically modulated light beam. However, such mechanism requires a gas that is highly absorbing to the illuminating light, and interpretation of the acoustic signal is restricted by the complex nature of heat transfer between the metallic sample and surrounding gas. 15 Remarkably, terahertz TDS presents a noninvasive, direct probe of phase and structural transitions in metallic media. Our experimental results show that at the bulk melting temperature of the metal, T m , significant phase modulation of the terahertz electric field transmitted through the microparticle collections occurs that distinctively identifies solid to liquid phase conversion. Interestingly, we show that although the particles individually liquefy at a temperature T m , the particle ensemble does not coalesce until the temperature exceeds T m .
Gallium possesses one of the lowest melting points of all metals ͑T m = 29.8°C͒, which provides an ideal platform to study metallic solid-liquid phase transformation behavior via terahertz TDS. Gallium microparticles were prepared by cooling bulk 99.99% Ga pellets to 77 K and mechanically grinding the Ga pellets to achieve a powder having an average particle size of 109 m and a packing fraction of ϳ0.4. In order to probe the phase transition of the Ga microparticles, we employ a terahertz TDS setup previously described in Ref. 9 . The terahertz radiation is focused onto a polystyrene sample cell housing an L = 2.3 mm thick collection of the random Ga microparticles to a spot size of ϳ1 mm in diameter. To examine the temperature-dependent terahertz transmissivity of the particles, the Ga particles are homogeneously heated, at a rate of 0.08°C / min, from room temperature up to a temperature T of 38.2°C ͑ϾT m ͒. Because the time over which the temperature increases is much longer than the heat diffusion time across the thin sample ͑Ͻ1 s͒, it is ensured that the sample temperature is at equilibrium during the transmission measurements. The microparticle ensemble temperature is monitored ͑within ±0.1°C͒ via a thera͒ Electronic mail: kjchau@ece.ualberta.ca APPLIED PHYSICS LETTERS 90, 041920 ͑2007͒ 0003-6951/2007/90͑4͒/041920/3/$23.00mocouple inserted into the particle collection adjacent to the terahertz beam probing spot. Figure 1͑a͒ illustrates the time-domain terahertz electric field wave forms E͑t͒ transmitted through Ga particle collections measured at various temperatures. Notably, for T Ͻ T m , the bipolar pulses transmitted through the particle collection all have an initial peak at a time t = 3.1 ps. The fact that the arrival delay, the amplitude, and the pulse shape do not change throughout the temperature range 22.4°C Ͻ T Ͻ 29.7°C suggests an absence of phase transformation or any changes to the Ga metallic properties. However, once T approaches T m = 29.9°C, a temporal advancement ͑or early arrival͒ of the pulse peak by 0.3 ps provides evidence of the onset of a significant transformation in the electronic properties of the Ga particles. Although the pulse corresponding to T = T m = 29.9°C is temporally advanced, interestingly, the pulse shape remains unaltered at T m . Further heating of the Ga microparticles from 29.9 to 38.2°C induces striking pulse shape transformation, where the pulse is attenuated and broadened in time. Accompanying this pulse shape trend is a marked progressive delay and attenuation of E͑t͒. The pulse temporal shape, delay, and amplitude trends for T Ͼ T m suggest conglomeration between adjacent, near-touching Ga particles. Because the terahertz transmission through the particle collections is mediated by the nearest neighbor coupling between particles, conglomeration of the nearest neighbor particles quenches radiation propagation mechanism. As the particles coalesce, the particles become larger and begin to exhibit metallic bulklike electromagnetic properties, resulting in transmission amplitude reduction. Similarly, particle conglomeration increases the effective index of the particle ensemble and manifests as a temporal delay of the transmitted pulse. To further explore the temperature-dependent evolution of the wave forms, we extract the effective real refrac- Fig. 1͑b͒ , this sharp discontinuity in ⌬n r precisely at T m is consistent over the entire transmission bandwidth. The abrupt, frequency-independent change in ⌬n r suggests that the intrinsic electronic properties of Ga have been altered at T m and is strongly indicative of phase transformation. Interestingly, the onset of phase transition eludes detection in ⌬n i , as ⌬n i remains approximately zero up to T ϳ 30.5°C ͓Fig. 1͑c͔͒. With further increase in the sample temperature above 30.5°C, both ⌬n r and ⌬n i show large increases over the transmission bandwidth as a function of T. These significant increases in the complex effective refractive indices show that the ensemble becomes less transparent to the terahertz pulse for T Ͼ T m due to coalescing of nearest neighbor particles. The different effective refractive index features for the range T Ͻ T m , T Ϸ T m , and T Ͼ 30.5°C highlight three regimes, where ͑1͒ the particles have not melted ͑constant ⌬n r and ⌬n i ͒, ͑2͒ the particles have melted but remain granular ͑discontinuity in ⌬n r but constant ⌬n i ͒, and ͑3͒ the particles have melted and are coalesced ͑large increases in both ⌬n r and ⌬n i ͒.
We chart the temperature-dependent ⌬n r and ⌬n i trends at two frequencies, 1 = 0.1 THz and 2 = 0.2 THz in Figs. 2͑a͒ and 2͑b͒. As shown in Fig. 2͑a͒ , for 21.2°C Ͻ T Ͻ 29.9°C, ⌬n r is nearly zero. Upon reaching T m , the real part of the relative effective index exhibits a notably large, discontinuous jump of −0.06, indicative of an abrupt change in the intrinsic properties of Ga associated with solid-liquid phase transformation. Above the melting temperature, ⌬n r is strongly affected by particle conglomeration, which changes the underlying extrinsic microstructure of the ensemble. This extrinsic effect influences the effective index of the ensemble in a different way than the intrinsic metallic phase transition at T m . For T Ͼ T m , ⌬n r increases from −0.06 to ϳ 0.3 between 29.9 and 33.0°C and, beyond T Ͼ 33.0°C, is constant at ϳ0.3. Particle conglomeration occurring at T Ͼ T m increases the effective real refractive index of the ensemble, causing the arrival delay of the transmitted pulses. ⌬n i exhibits similar overall trends as ⌬n r . Below the melting temperature, ⌬n i shows negligible temperature dependence and FIG. 1. ͑Color online͒ ͑a͒ Experimental time-domain signals of terahertz pulses transmitted through 2.3 mm thick random Ga microparticle ensembles measured at various temperatures. The dashed line indicates the arrival time of the peak of the terahertz pulse. We show the ͑b͒ effective real refractive index change ⌬n r and ͑c͒ effective imaginary refractive index change ⌬n i vs temperature and frequency. ⌬n r and ⌬n i are measured relative to the reference pulse transmitted through the sample at 21.2°C. is approximately zero. As shown in Fig. 2͑b͒ , ⌬n i ͑ 2 ͒ increases linearly for T Ͼ T m and saturates at 0.2 for T Ͼ 33.0°C. Such an increase in the imaginary effective refractive index reveals increased absorption or scattering losses within the ensemble due to particle melting and subsequent coalescing. In contrast to ⌬n i ͑ 2 ͒, ⌬n i ͑ 1 ͒ does not significantly increase from zero until the temperature exceeds 30.5°C Ͼ T m . The slightly different trends observed for ⌬n i ͑ 1 ͒ and ⌬n i ͑ 2 ͒ suggest that the higher frequency pulse components are more sensitive to particle conglomeration than the lower frequency components.
To quantify the temperature where the particles begin to coalesce, we calculate the correlation function, C͑͒ = ͗E͑t + ͒E ref ͑t͒͘, where E͑t + ͒ is the sample pulse ͑at a given temperature T͒ shifted by a time and E ref ͑t͒ is the reference pulse transmitted at T ref . We note that referencing the correlation function to the signal at T ref cancels out the effect of the setup's spectral response since the spectral response of the system is fixed throughout the variation in T. As highlighted in the plot of the maximum correlation amplitude versus T ͓Fig. 3͑b͔͒, the transmitted pulse remains highly correlated even for T = 30.5°C Ͼ T m . Thus, at temperatures exceeding T m , the extrinsic microstructure of the particle ensemble has not changed. However, at a coalescing temperature, T c = 30.5°C there is a significant decrease in C͑͒, marking the onset of particle conglomeration and transmission quenching. Because the particles must overcome their surface energy prior to liquefying, T c is slightly higher than T m . As shown in Fig. 3͑b͒ , C͑͒ decreases to 0.35 at 33.0°C, and for T Ͼ 33.0°C, the maximum correlation amplitude saturates and remains fixed. The experimental results reveal a temperature range, T m Ͻ T Ͻ T c , where the individual particles have melted, yet the nearest neighbor particles do not conglomerate.
The Ga particle collection undergoes significant structural transformation over the heating cycle. After heating the particles above T m and cooling back to room temperature, the nearest neighbor particles have coalesced at small regions conjoining the particles, but overall, the ensemble retains a granular appearance and structure with no significant decrease in the total volume. The individual particle shapes are slightly distorted by the heating. As shown in the images in the insets of Fig. 3͑b͒ , the particles prior to heating are characterized by sharp edges and flat faces. After cycling the temperature, the particles are rounded and have a rougher surface. Although heating induces shape change in the particles and coalescing between nearest neighbor particles, the overall size distribution of the ensemble after heating is not significantly affected ͓Fig. 3͑a͔͒. This further confirms that over the heating cycle, the particles do not fully conglomerate to form particles with augmented sizes but rather join at small sections that are in direct contact with each other.
We have employed terahertz TDS to investigate the solid-liquid phase transition and melting dynamics of Ga microparticles. This work introduces a noninvasive technique to study phase transitions in metallic powders. 
